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A lithium salt of anionic scandium tetraborohydride complex, LiSc(BH4)4, was studied both experimentally
and theoretically as a potential hydrogen storage medium. Ball milling mixtures of LiBH4 and ScCl3 produced
LiCl and a unique crystalline hydride, which has been unequivocally identified via multinuclear solid-state
nuclear magnetic resonance (NMR) to be LiSc(BH4)4. Under the present reaction conditions, there was no
evidence for the formation of binary Sc(BH4)3. These observations are in agreement with our first-principles
calculations of the relative stabilities of these phases. A tetragonal structure in space group I4j (#82) is predicted
to be the lowest energy state for LiSc(BH4)4, which does not correspond to structures obtained to date on the
crystalline ternary borohydride phases made by ball milling. Perhaps reaction conditions are resulting in
formation of other polymorphs, which should be investigated in future studies via neutron scattering on
deuterides. Hydrogen desorption while heating these Li-Sc-B-H materials up to 400 °C yielded only
amorphous phases (besides the virtually unchanged LiCl) that were determined by NMR to be primarily
ScB2 and [B12H12]-2 anion containing (e.g., Li2B12H12) along with residual LiBH4. Reaction of a desorbed
LiSc(BH4)4 + 4LiCl mixture (from 4LiBH4/ScCl3 sample) with hydrogen gas at ∼70 bar resulted only in an
increase in the contents of Li2B12H12 and LiBH4. Full reversibility to reform the LiSc(BH4)4 was not found.
Overall, the Li-Sc-B-H system is not a favorable candidate for hydrogen storage applications.
I. Introduction
Metal borohydrides [M(BH4)n, M ) alkali, alkali earth,
transition metals, etc.] have recently been extensively examined
for on-board hydrogen storage applications.1,2 While their high
gravimetric and volumetric capacities are appealing in view of
the technical targets from the US Department of Energy (DOE)3
for hydrogen storage in fuel cell powered vehicles, their
performance in reversible hydrogen storage still falls short of
these criteria. The hydrogen desorption temperatures, Td, are
often too high, hydrogenation is irreversible or only partly
reversible, and the reaction kinetics are much too slow. Release
of diborane (B2H6) during the dehydrogenation process is a
critical issue for some materials.4,5 Multistep decomposition
sequence6,7 and the associated formation of numerous intermedi-
ates add complexities. Various approaches have been attempted
in order to tackle the problems, and meaningful advances have
been achieved. Besides the well-known destabilization strategy,8,9
an approach of finding an energetically favored pathway by
constructing proper binary systems, modifications of thermo-
dynamic properties were attempted by using additives,6,10 adding
halides,5 and use of nanoscale particles or incorporating them
with porous materials such as aerogels or nanotubes.11-14 While
most of these studies were concentrated on the LiBH4 or LiBH4/
MgH2 system, survey of borohydrides with various metal
elements has also been attempted in the search for better
thermodynamic properties. The electrostatic interaction between
metal cation (Mn+) and the [BH4]- complex anion was identified
by Nakamori et al.15,16 as an important factor determining the
stability of the metal borohydride, and the trend in the measured
desorption temperature Td of different borohydrides was ratio-
nalized in terms of the Pauling electronegativity, p, of metal
ions. Along this line, the idea of adjusting p by employing more
than one metal cation, such as in MM′(BH4)m, has been
examined experimentally.17 This latter approach opens up a
possibility of using heavier transition metal ions, which are
typically not favorable because of usually low gravimetric
capacities. However, the potential catalytic properties of transi-
tion metals may also improve hydrogen storage reactivities and
kinetics of borohydrides. Note that the lighter Li ion can be a
choice for M′ due to its low p, and the coordination number m
can be varied depending on the valence state of the transition
metal ion M: higher values of m allow better compensation for
the gravimetric cost of introducing heavy transition metal ions
M. A proposed mechanochemical synthesis route was based on
the following reaction:17
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MCln + mLiBH4 f MLim-n(BH4)m + nLiCl (I)
Li et al.17 showed the progression of reaction I for M ) Zn, Zr,
Al using the formation of crystalline LiCl and changes in the
Raman spectra.18 However, the formation of double-cation
borohydrides has never been definitively identified or well
characterized. Crystal structures of these borohydrides could not
be determined from diffraction data due to loss of long-range
order after the milling synthesis. A similar preparation method
was claimed to form monocation borohydrides,15,16 so the actual
identity of final products needs further investigation. Crystal-
line form of scandium-lithium double-cation borohydride
[LiSc(BH4)4] was recently prepared by the same method and
characterized by nuclear magnetic resonance (NMR),19,20 and
detail structural properties were investigated by vibrational (i.e.,
infrared and Raman) spectroscopy, density-functional theory
(DFT) calculations, and powder X-ray diffraction.21 However,
the dehydrogenation/hydrogenation reactions of the Li-Sc-B-H
system were not examined in these studies. In the present work,
we have employed multinuclear NMR and first-principles DFT
calculations to elucidate the formation, structures, thermody-
namic stability, and reactivity of LiSc(BH4)4 for potential
hydrogen storage applications.
The mechanochemical synthesis of reaction I might provide
a route for preparation of Sc(BH4)3 as proposed by Nakamori
et al.,15,16 although the actual identity of the product was claimed
to be LiSc(BH4)4 by both Hwang et al.19,20 and Hagemann et
al.21 In the literature, the preparation and characterization by
X-ray, IR, and solution NMR for a Sc(BH4)3 ·2THF derivative
were reported,22-24 but, to the best of our knowledge, the
isolation or characterization of pure Sc(BH4)3 as a solid phase
has not yet been reported. The structure of the Sc(BH4)3
compound has been predicted to be the BiI3 type with R3j space
group by Nakamori et al.15 In this work, we have investigated
samples prepared by ball milling the mixtures of ScCl3 and
LiBH4 with mixing ratios from 1:3 to 1:6. Combined data from
high-resolution 11B, 45Sc, and 6Li NMR spectra and X-ray
diffraction of the resulting powders were utilized for phase
identifications. We have performed searches on the ground-state
structures of both Sc(BH4)3 and LiSc(BH4)4 via first-principles
calculations. Based on the calculated thermodynamic properties
of these compounds and possible intermediates, decomposition
behavior of Sc(BH4)3 and LiSc(BH4)4 with respect to hydrogen
release reaction was theoretically predicted. Experimental
examinations of LiSc(BH4)4 following hydrogen desorption/
sorption treatments were also preformed.
II. Methods
1. Theoretical Calculations. First-principles calculations
were performed with the total-energy and molecular dynamics
code Vienna Ab Initio Simulation Package (VASP)25,26 using
the generalized gradient approximation (GGA) functionals of
Perdew and Wang27 and Perdew-Burke-Erzenhoff (PBE)28 for
the electronic exchange and correlation. We adopted the
projected augmented wave (PAW) approach28-30 to treat the
interactions between the ions and valence electrons. The basis
set for the electronic wave functions included plane waves below
a cutoff energy of 875 eV, in conjunction with regular
Monkhorst-Pack k-point meshes of 4×4×4 or better for all
solid phases. Structural relaxations of atomic positions, cell
shapes, and cell volumes were carried out until the residual
forces and stresses were below 0.01 eV/Å and 0.1 GPa,
respectively. The energy of the H2 molecule was calculated in
a rectangular 10 × 10 × 12 Å box. The phonon frequencies
were determined using the supercell dynamical matrix approach;
the details of our method are given in ref 31.
A global optimization procedure utilizing prototype electro-
static ground-state (PEGS) search32 was used to predict the
currently unknown crystal structures of Sc2(B12H12)3, Sc(BH4)3,
and LiSc(BH4)4. The PEGS approach determines the type and
symmetry of the ground-state crystal structure by minimizing
the total electrostatic energy of a collection of negatively
charged, configurationally complex anions, and positively
charged spherical cations, with a soft-sphere repulsion acting
between overlapping ions. Monte Carlo simulated annealing in
conjunction with potential energy surface smoothing techniques
are used to minimize the PEGS Hamiltonian, and accurate DFT
techniques are employed to calculate the total energies and fully
relaxed structural parameters for the resulting minimum elec-
trostatic energy structures. The PEGS search for the Sc2(B12H12)3
compound used charges of +3e, 0e, and -0.1667e, for Sc, B,
and H ions, respectively, resulting in a total charge of -2e on
the B12H12 icosahedral anion. The [B12H12]2- anion was modeled
as rigid icosahedron with a center to vertex distance of 1.43 Å,
with (exterior) hydrogen atoms of radius of either 1.3 or 1.43
Å at each of the 12 vertex positions. The Sc radius was set at
0.75 Å. PEGS runs using a hydrogen radius of 1.43 Å produced
structures with lower energies and higher symmetries. For
LiSc(BH4)4 and Sc(BH4)3, ionic charges of +1e, +3e, 0e, and
-0.25e were used for Li, Sc, B, and H ions, respectively. Ionic
radii were 0.68, 0.75, and 1.3 Å for Li, Sc, and H, respectively.
The [BH4]- anion was modeled as a rigid tetrahedral molecule
with a B-H bond length of 1.23 Å.
Equilibrium phase diagrams and thermodynamically revers-
ible hydrogen storage reactions in the Li-Sc-B-H system were
determined using the grand canonical linear programming
(GCLP) method proposed in ref 33. The following solid-state
phases were included in our study: B, Li, LiBH4, Li2B12H12,
LiH, LiSc(BH4)4, Sc, ScB2, ScB12, Sc(BH4)3, Sc2(B12H12)3, and
ScH2.
2. Experimental Section. The synthesis of scandium/lithium
borohydride was achieved using the ball-milling technique with
different ratios of ScCl3 and LiBH4. Anhydrous ScCl3 (Alfa
Aesar, 99.9%) and LiBH4 (Aldrich, g90%) were used without
further purification. These reactants were mixed together in an
Ar-filled glovebox and placed in an 80 mL rubber gasket sealed
steel vessel, with five 0.5 in. diameter steel balls. The argon-
filled vessel was then placed in a Fritsch Pulverizette 6 planetary
mill. The mixture was subsequently milled at 500 rpm for 3 h.
Hydrogen desorption was performed at a temperature of 400
°C in an initially evacuated volume to a pressure between 1
and 3 atm of H2 gas in a stainless-steel reactor vessel that was
described previously.34 Hydrogen absorption was performed at
a temperature of 400 °C and a pressure of 70 bar of H2 gas.
Solid-state MAS NMR measurements were performed using
a Bruker Avance 500 MHz spectrometer equipped with a Bruker
4 mm CPMAS “boron-free” probe. MAS NMR samples were
loaded in a 4 mm ZrO2 rotor and sealed with a tightly fitting
Kel-F cap inside a glovebox in order to avoid any contact with
air or moisture. The spectral frequencies were 500.23, 160.50,
73.61, and 121.53 MHz for 1H, 11B, 6Li, and 45Sc nuclei,
respectively. A typical MAS spectrum of a quadrupole nucleus
was recorded at a MAS spinning rate of 10-13 kHz applying
two-pulse phase modulation (TPPM)35 1H decoupling pulse
scheme after a short (0.3-0.5 µs) single pulse (i.e., <π/12 for
11B) at room temperature. Dried N2 gas was used for spinning.
CPMAS spectra for 11B[1H] were obtained with the cross-
polarization mixing times of 50 µs to 1 ms in the sudden passage
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regime by use of low rf fields.19,36,37 NMR shifts were externally
referenced to TMS, BF3 ·O(CH2CH3)2, 1 M LiCl aqueous
solution, and Sc(NO3)3 aqueous solution at 0 ppm for the 1H,
11B, 6Li, and 45Sc nuclei, respectively.
The XRD measurements were performed at room temperature
on a Siemens D500 diffractometer operating with Cu KR
radiation. Each Li-Sc-B-H XRD sample used a small amount
of NIST-traceable silicon (Si) powder as an internal standard
for locating peak positions. The powders were placed on a XRD
cell between two Kapton films to reduce scattering background
while protecting the samples from air exposure and the loaded
cells were stored under argon until the XRD measurements were
performed.
III. Results and Discussion
III.A. Preparation of Scandium Borohydride: LiSc(BH4)4
vs Sc(BH4)3. Solid-phase products from the mechanochemical
synthesis of ScCl3 + nLiBH4 (see reaction I) were analyzed
for the presence of two possible compounds: LiSc(BH4)4 and
Sc(BH4)3. Sc(BH4)3 is a neutral scandium complex and repre-
sents a monocation borohydride. We label this reaction pathway
the “nonionic route”. On the contrary, LiSc(BH4)4 is a lithium
salt of an anionic scandium complex, a double-cation borohy-
dride, and we label this the “ionic route”. Regardless of the
molar ratio “n” between the two starting reactants, we believe
that thermodynamics controls these reactions and simultaneous
formation of LiSc(BH4)4 and Sc(BH4)3 is unlikely. Since the
reference materials of Sc(BH4)3 or LiSc(BH4)4 are unavailable
for spectroscopic comparison, our approach in the analysis was
to quantitatively measure identifiable chemical compounds in
a ball milled mixture. The strategy appears to be a good choice
because variation of the molar ratio n diversifies kinds of
chemical species and their ratios among reactants and products
as listed in Table 1. The distribution certainly differs depending
on the reaction pathway. For example, the reaction equations
for the case of n ) 4 (see Table 1) shows 3:1 ratio between
LiCl and LiBH4 for the nonionic route while it is 3:0 for the
ionic route (no LiBH4 left). The ratio of two compounds can
be readily measured spectroscopically. In this way, indirect
evidence of the reaction pathway could be obtained under the
circumstance of unavailable Sc(BH4)3 and LiSc(BH4)4 com-
pounds. We have prepared three samples with n ) 3, 4, 6, and
the quantitative measurement was performed by multinuclear
solid-state NMR. Besides the appearance of diffraction peaks
attributable to LiCl in the XRD patterns shown in Figure 1,
additional peaks were seen from all three samples to be a
signature of a newly formed compound with moderate crystal-
linity (250-300 Å). The formation of LiCl by itself was not
useful in determining the reaction route. The XRD patterns in
Figure 1 also clearly show that a single new phase was formed
independent of the LiBH4 to ScCl3 ratio, n. We have found that
indexing of the XRD peaks in Figure 1 (excluding LiCl peaks)
leads to reasonable agreement with tetragonal structures with
space groups P4 (#75), I4cm (#108), P42mmc (#131), and P4j2c
(#112) which was specified in the report by Hagemann et al.21
We also found that an orthorhombic structure Pbam (#55) with
lattice parameters a ) 0.608 nm, b ) 1.211 nm, and c ) 0.604
nm showed a reasonable indexing agreement. However, the
signal-to-noise and resolution problems in our present XRD data
provoke ambiguities that prevent a better analysis, and it
appeared that a reasonably good match could be found with
the space group P4j2c as shown in Figure 1B. Therefore, we
can conclude that our room temperature crystal structure of our
LiSc(BH4)4 compounds, formed with three different molar ratio
n ()3, 4, 6), is in good agreement with the previous report.21 It
is noteworthy that although some LiBH4 is detected by XRD
for the 6:1 sample, no peaks from ScCl3 or other possible
compounds can be seen in Figure 1.
Multinuclear MAS NMR spectra of three solid-phase products
are shown in Figures 2 and 3. 11B and 45Sc spectra of starting
materials LiBH4 and ScCl3 are also included for comparison in
Figure 2, and so are our measured 6Li NMR spectra of LiBH4
and LiCl in Figure 3. At the first glance, the mechanochemical
reactions appear to proceed with the disappearance of the LiBH4
peaks from 11B (-41 ppm) and 6Li (-1.2 ppm) MAS NMR.
Decomposition of ScCl3 and new scandium compound formation
TABLE 1: Two Possible Reaction Routes during the Ball-Milling Process
ratio nonionic route ionic route
1:3 ScCl3 + 3LiBH4 f Sc(BH4)3 + 3LiCl ScCl3 + 3LiBH4 f 3/4LiSc(BH4)4 + 9/4LiCl + 1/4ScCl3
1:4 ScCl3 + 4LiBH4 f Sc(BH4)3 + 3LiCl + LiBH4 ScCl3 + 4LiBH4 f LiSc(BH4)4 + 3LiCl
1:6 ScCl3 + 6LiBH4 f Sc(BH4)3 + 3LiCl + 3LiBH4 ScCl3 + 6LiBH4 f LiSc(BH4)4 + 3LiCl + 2LiBH4
Figure 1. (A) Powder X-ray diffraction profiles of ball-milled ScCl3
+ nLiBH4 samples (top is n ) 6, middle is n ) 4, and bottom is n )
3) plus silicon (Si) added as an internal reference. (B) Comparison of
XRD profile of ball-milled ScCl3 + 4LiBH4 sample with P4j2c of
Hagemann et al.21
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are also clear from 45Sc NMR. The primary new compound
formed by ball-milling is characterized by NMR signatures
appearing at -23, 108.5, and -0.7 ppm for 11B, 45Sc, and 6Li
nuclei, respectively. Although some changes were observed from
the proton (1H) MAS NMR spectra, it was not possible to assign
any of the unresolved components to specific hydrides. Without
knowing the identity of the resulting compound, there are a
number of observations in the NMR results that allow us to
identify the reaction route. These include the following: (i) 11B
MAS NMR indicated unreacted LiBH4 only when n ) 6 (i.e.,
1:6 ratio), which agrees with the XRD results in Figure 1. (ii)
The integral ratio of 11B peaks at -41 ppm (LiBH4) and -23
ppm (initially unassigned) in the 1:6 ratio sample was about 2,
as was expected in the Ionic route in Table 1. Note that the
molar ratio between Sc(BH4)3 and LiBH4 in the Nonionic route
is expected to be 1:3 (see Table 1) for this mixing ratio. (iii)
Besides the 108.5 ppm peak of new product, excess ScCl3 is
likely visible but as a broad peak at 237 ppm in 45Sc NMR
spectrum shown in Figure 2g found for n ) 3, as was predicted
from the ionic route. We will show shortly the broadening
and slight upfield shift in chemical shift is most likely associated
with a further reaction of ScCl3 with the LiCl that was formed
during ball milling. (iv) 6Li MAS NMR identifies the presence
of LiCl (-1.1 ppm) and LiBH4 (-1.2 ppm) in addition to the
peak of the product at -0.7 ppm. The absence of LiBH4 is clear
for the 1:4 sample. The integration of the 6Li peaks yielded the
relative intensity ratio of about 1:3:2 for the 1:6 ratio sample,
as evident for the ionic route in Table 1. Note that the
quantitation proceeded with additional caution due to the fact
that 6Li nuclei tend to give rise to very long relaxation time
(T1). The recycle delay time for typical 6Li MAS NMR was
2000 s and delay times over 20 000 s were often examined to
make sure full recovery of the 6Li NMR signal. All these results
consistently support the ionic route as the reaction pathway in
our ball-milling synthesis. For three different cases, the reactions
appear to be completed within our ball-milling synthesis
condition (i.e., 500 rpm for 3 h). Therefore, we believe it is
reasonable to conclude that the reaction product must be
LiSc(BH4)4, a double-cation borohydride and not Sc(BH4)3 as
suggested by Nakamori et al.15,16,18 Consequently, the NMR
signatures can be assigned to LiSc(BH4)4: -23.0 ppm for 11B,
108.5 ppm for 45Sc, and -0.7 ppm for 6Li. More detailed NMR
characterization of LiSc(BH4)4 will be presented shortly.
Some additional observations were made from 6Li and 45Sc
NMR of the 1:3 sample. In addition to the two anticipated
compounds, LiSc(BH4)4 and LiCl supposedly with a 1:3 ratio
Figure 2. (A) (a-d) 11B MAS NMR; (B) (e-h) 45Sc MAS NMR spectra of the ball-milled ScCl3 + nLiBH4: (a,e) n ) 6, (b,f) n ) 4, (c,g) n )
3, and (d) LiBH4, (h) ScCl3. Note that parts of (g) were overlaid with higher vertical scale (×10) (see arrow) in order to show the presence of 240
and 175 ppm peaks. Referencing to ScCl3 aqueous solution for 45Sc NMR is possible by adding +4.8 ppm to the current chemical shift scale. The
asterisks indicate spinning sidebands.
Figure 3. 6Li MAS (a-d) and CPMAS (e-h) NMR spectra of the ball-milled ScCl3 + nLiBH4: (a,e) n ) 6, (b,f) n ) 4, (c,g) n ) 3, and (d) LiCl,
(h) LiBH4. The arrowed peak does not correspond to a hydride phase.
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according to Table 1, the 6Li spectrum shows a strong peak at
-0.9 ppm (see Figure 3c). The intensity ratio between LiS-
c(BH4)4 and LiCl definitely deviates from the expected ratio.
From the deconvolution of this spectrum (not shown), we found
a 1:2:1 ratio describes the distribution of lithium ions of
LiSc(BH4)4 (-0.7 ppm): unknown (-0.9 ppm): LiCl (-1.1
ppm), instead of a 1:3 ratio for LiSc(BH4)4 (-0.7 ppm) to LiCl.
This indicates that a new lithium compound was formed as a
result of LiCl reacting with residual ScCl3. From the reaction
equation in Table 1 and the lithium quantitation by 6Li MAS
NMR, it is possible to conclude that a complex with [(1/
4)(6LiCl ·ScCl3] composition might be formed, and the -0.9
ppm peak is responsible for the unknown species. To our best
knowledge, Li-Sc-Cl complex with such ratio has not been
reported previously. For the case of possible formation of a
known ternary Li3ScCl6 compound,38 a modified reaction
equation could be proposed as follows:
ScCl3 + 3LiBH4 f
3/4LiSc(BH4)4 + 1/4Li3ScCl6 +
3/2LiCl (II)
However, the expected Li ratios of 1:1:2 are inconsistent
with the present observed ratio found by quantitative analysis
of the 6Li MAS NMR spectrum in Figure 3c. We could not
detect the Li3ScCl6 compound by XRD, and we also could
not find any reported MAS NMR results in the literature to
confirm the formation of Li3ScCl6 based on 6Li and 45Sc
peaks. As mentioned previously, 45Sc MAS NMR results for
this 1:3 sample also indicated that the bonding and coordina-
tion geometry around scandium cation reveals subtle changes
from pure ScCl3 (see Figure 2g with both peaks with 240
ppm marked by an arrow and a smaller peak with a shift
near 175 ppm that are visible upon signal enhancement).
Since neither of these peaks were obtained during 45Sc{1H}
CPMAS experiments (spectra not shown here) while the
108.5 ppm peak from LiSc(BH4)4 was present, it is certain
that these Sc species are not associated with the [BH4]- units.
Note that there is no indication for presence of other species
in 11B MAS NMR (see Figure 2c). In addition, the proximity
between Li ion and [BH4]- was probed by employing 6Li{1H}
CPMAS NMR method that utilizes magnetic spin polarization
of abundant nuclei (i.e., 1H) to indirectly detect rare nuclei
(i.e., 6Li). In such way, the discrimination of lithium nuclei
in a complex with [BH4]- unit versus nonprotonated elements
(i.e., LiCl or ScCl3) is possible. The 6Li CPMAS NMR
spectra are presented in Figure 3B for the same series of
samples used for 6Li MAS NMR in Figure 3A. The presence
of LiCl is nicely filtered out in CPMAS NMR spectra while
LiBH4 and LiSc(BH4)4 are seen in Figure 3B, demonstrating
the value of CP method to discriminate between phases with
or without hydride units. It is noteworthy that the separation
of LiCl and LiBH4 resonances exhibits only a ∼0.1 ppm
difference in 6Li chemical shift, which would be impossible
without the support of the CP method and the very narrow
lines for this nucleus. The 7Li NMR spectra cannot be used
to distinguish between these species due to their much broader
lines that hinder the resolution.20,39 From the fact that the
-0.9 ppm peak is not detected in 6Li CPMAS NMR of the
1:3 sample, we eliminated the possibility of the 6Li peak at
-0.9 ppm in spectrum Figure 3c as being associated with
either of the borohydride phases.
III.B. Crystal Structures. 1. Crystal Structure of LiSc(BH4)4.
While the synthesis of new chemical species LiSc(BH4)4 was
confirmed by NMR in the previous section, the long-range
order structure of the compound remains unsolved. Hagemann
et al.21 recently reported a crystal structure for LiSc(BH4)4
produced using a similar mechnochemical synthesis method
and proposed a P4j2c space group using high-resolution
synchrotron X-ray powder diffraction. We have carried out
prototype electrostatic ground state (PEGS) search and first-
principles DFT calculations to predict the T ) 0 K ground-
state crystal structure of LiSc(BH4)4. Our findings are
summarized in Table 3, which lists the total energies relative
to the lowest-energy structure found in the present study. In
addition to PEGS, we performed a LiSc(BH4)4 crystal
structure search using known prototype ABC4X16 compounds
from the Inorganic Crystal Structure Database (ICSD). An
ICSD search using the formula ABC4X16 produces two
prototype CuU(MoO4)4 structures in space groups P1j(#2),
and P2/c (#13). Ambiguity between the A and B sites for Li
and Sc occupations was resolved by relaxing these structures
with Li on A and Sc on B, and again with Li and Sc positions
reversed. Only the lowest energy structures for each prototype
are shown in Table 3. The PEGS search produces a low-
energy structure with symmetry I4j (#82). The LiSc(BH4)4
structure with the lowest energy and highest symmetry is
the PEGS predicted I4j structure, which is shown in Figure
4. First-principles DFT calculations of the phonon spectrum
of I4j using both two- (44 atoms) and four-formula unit
supercells (88 atoms) indicate that the PEGS I4j crystal
structure is dynamically stable. Li and Sc atoms are 4-fold
coordinated with [BH4]- anions. Each anion is oriented with
three H atoms equidistant from the Sc, and the fourth H atom
in the direction directly opposite the Sc. The [BH4]- anions
are oriented with two H atoms (forming a tetrahedral edge)
toward each Li atom. This highly symmetrical arrangement
is not observed in the P4j2c structure discussed below.
Nearest-neighbor distances for the I4j structure are shown in
Table 2. The Li-H and Sc-H distances are in agreement
with those in LiH (2.04 Å)40 and ScH2 (2.07 Å),41 respec-
tively.
Note that our limited XRD data supports the space group
P4j2c(#112) that has been suggested by Hagemann et al.21
Figure 4. Tetragonal structure for LiSc(BH4)4 in space group I4j (#82).
Li (Sc) atoms are colored gold (rose).
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from their Rietveld refinement of X-ray synchrotron data.
This P4j2c structure places the Li ion in a 4k site (see Table
4 for atomic positions), requiring half-occupancy to obtain
the correct stoichiometry. As stated in ref 21, the (Rietveld)
refinement of the Li position started at (0,0,0), with a
Wyckoff designation of 2e, and was allowed to move to
(0,0,0.104), increasing the site multiplicity by a factor of 2,
and requiring the occupancy to be reduced to 0.5. First-
principles DFT was used to investigate both the idealized
structure with Li at the 2e site, and the structure with Li on
the 4k site at half-occupancy. Frozen phonon calculations
using a 1×1×1 supercell of P4j2c with Li on the 2e site at
full occupancy indicate a dynamically unstable structure with
more than 10 imaginary frequency modes. In order to
investigate the structure using the half-occupancy 4k Li atom
positions, a 2×1×1 supercell was built from the P4j2c
structure, with Li at (0,0,0.104) and having the correct
stoichiometry by the following method. The 1×1×1 structure
was doubled along the x-axis. The Li ion positions in the
left (right) half were obtained by taking the two 2e sites and
moving their fractional coordinates up (down) in z by 0.104.
In the resulting 2×1×1 supercell (with symmetry P2221),
the fractional coordinates of the Li were (0,0,0.104),
(0,0,0.604), (0.5,0,0.396), and (0.5,0,0.896). A first-principles
relaxation of the atomic coordinates and lattice parameters
of this structure results in significant reorientation of the BH4
anions and lowering of the total energy by 21 kJ/mol fu.
While the cell symmetry remains in P2221 (#17), there is a
significant increase in the density from 0.792 to 0.841 g/cm3.
The (T ) 0 K) energies of both the 1×1×1 P4j2c structure
with idealized Li positions, and the 2×1×1 P2221 structure
remain well above the PEGS I4j structure, as shown in Table
3. Calculated diffraction peak positions from the PEGS I4j
structure are not in agreement with the experimental pattern.
This indicates two possibilities. Either PEGS has generated
a polymorph of the LiSc(BH4)4 structure which is not the
ground state, or the actual ground-state structure is I4j, but is
inaccessible via ball milling. We note that while the fit to
the diffraction data in Hagemann et al.21 is compelling, our
results suggest that further studies are needed to clarify the
crystal structure(s) of LiSc(BH4)4. In particular, neutron
diffraction measurements should be done on appropriately
isotope labeled deuterated samples. It may be possible to
perform annealing studies of the product LiSc(BH4)4 under
hydrogen pressure to access the I4j phase, or even observe a
range of polymorphs as a function of temperature, as is
observed42 in Ca(BH4)4.
2. Crystal Structure of Sc(BH4)3. An earlier theoretical
study by Nakamori et al.15 suggested that Sc(BH4)3 would
adopt a trigonal structure of R3j symmetry, which was derived
from the structure adopted by the binary BiI3 compound. We
performed both PEGS and ICSD searches based on the
AB3X12 structure type. The results of these searches are sum-
marized in Table 5. The following structure types were taken
from the International Crystal Structure Database: Nd(ClO4)3,
Pr(ClO4)3, Eu(ClO4)3, and Yb(ClO4)3 in space group P63/m
(#176); Tb(AlCl4)3, Y(AlCl4)3, Dy(AlCl4)3, and Ho(AlCl4)3
in space group P3112 (#151); Yb(ClO4)3, and Lu(ClO4)3 in
space group R3c (#161); La(AuF4)3 in space group R3-c
(#167); Nd(AlBr4)3, Pr(AlBr4)3, and La(AlBr4)3 in space group
P3121 (#152).
PEGS search finds a candidate ground-state crystal struc-
ture with orthorhombic C2221 symmetry (space group No.
20), which has the lowest energy of all the considered
structures (see Table 5). The C2221 structure is 10.7 kJ/mol
lower than the best ICSD structures and 44.1 kJ/mol lower
than the trigonal BiI3-type structure proposed Nakamori et
al.15 Our predicted structure is shown in Figure 5 and the
atomic positions are given in Table 6. The C2221 structure
has one symmetry-inequivalent type of Sc ion, two types of
B ions, and 6 different H ions. Each Sc has four H ions in
its nearest-neighbor coordination environment at distances
of 1.91 and 2.23 Å for H5 and H6, respectively. Furthermore,
each Sc has two neighboring B1 ions at a distance of 2.54
Å; these ions form zigzag...-Sc-BH4-Sc-... chains running
along the [001] direction. The...-Sc-BH4-Sc-... chains are
separated by layers of [BH4]- tetrahedra and held together
TABLE 2: Nearest-Neighbor Distances (Å) in the PEGS
Predicted LiSc(BH4)4 Structure in Space Group I4j
H-H 1.98 B-B 3.72
H-Li 2.00 Sc-H 2.15
Li-Li 6.48 Sc-Li 4.42
B-H 1.21 Sc-B 2.32
B-Li 2.50 Sc-Sc 6.48
TABLE 3: Relative Stability of Competing Structures for
LiSc(BH4)4 Calculated Using First-Principles DFT at
T ) 0 K
structure type symmetry
space
group no.
E - E0
(kJ/mol fu)a
density
(g/cm3)
PEGS I4j 82 0.0 0.743
2×1×1 Li 4k P2221 17 39 0.841
1×1×1 Li 2e P4j2c 112 62 0.792
CuU(MoO4)4 P1j 2 138 0.720
CuU(MoO4)4 P2/c 13 315 0.888
a Energy units are kJ/mol formula unit.
TABLE 4: Wyckoff Positions for Two Structures of
LiSc(BH4)4, in Space Groups P4j2c (#112) and I4j (#82)
atom Wyckoff position X Y Z
P4j2c, a ) 6.076 Å, c ) 12.034 Å
Li (0.5 occ) 4k 0 0 0.104
Sc 2c 1/2 1/2 1/4
B 8n 0.7500 0.6722 0.6386
H 8n 0.7939 0.6688 0.7251
H 8n 0.8960 0.6926 0.5891
H 8n 0.6394 0.8072 0.6234
H 8n 0.6705 0.5201 0.6166
I4j, a ) 6.479 Å, c ) 12.043 Å
Li 2c 0 0.5000 0.2500
Sc 2b 0 0 0.5000
B 8g 0.3534 0.2469 0.8889
H 8g 0.7621 0.6206 0.3339
H 8g 0.5416 0.2551 0.8711
H 8g 0.2852 0.4221 0.8705
H 8g 0.3325 0.2111 0.9890
TABLE 5: Relative Stability of Competing Structures for
Sc(BH4)3 Calculated Using First-Principles DFT at T ) 0 K
structure type symmetry
space
group no.
E - E0
(kJ/mol fu)a
density
(g/cm3)
PEGS C2221 20 0.0 0.722
La(AuF4)3 R3-c 167 10.7 1.061
Lu(ClO4)3 R3c 161 10.7 1.061
Nd(AlBr4)3 P3121 152 16.7 0.716
Y(AlCl4)3 P3112 151 18.3 0.648
BiI3 (ref. [15]) R3j 148 44.1 0.924
Nd(ClO4)3 P63/m 176 164.5 1.203
a Energy units are kJ/mol formula unit.
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by electrostatic interactions between negatively charged
[BH4]- and positively charged Sc3+. The distances between
Sc and out-of-plane B are 4.37 and 4.75 Å. B-H distances
are predicted to vary between 1.19 Å (between B1 and H1)
and 1.25 Å (B1 and H2, H3, H4). For the out-of-plane
tetrahedra with B2 ions, B-H distances are all very close to
1.23 Å.
3. Crystal Structures of Li2B12H12 and Sc2(B12H12)3. NMR
spectroscopy indicates the formation of alkali [B12H12]2-
compounds such as Li2B12H12 and MgB12H12 in the decom-
position of LiBH4 and Mg(BH4)2, respectively, and provides
similar results in other borohydride systems7,19,34 A theoretical
structure of C2/m symmetry for Li2B12H12 has recently been
proposed based on the PEGS method.43 Here, we report PEGS
results for the Sc2(B12H12)3 compound, which were obtained
using runs with unit cells containing one formula unit (larger
unit cells are computationally very demanding, and were not
attempted here). The lowest energy structure found has
monoclinic Cm symmetry (space group No. 8) and is shown
in Figure 6. This structure is built up from planes with a 2:3
ratio of Sc to [BH4]- where each Sc3+ ion is surrounded by
three [B12H12]2- groups in a roughly symmetrical fashion;
the Sc3+ ions form a honeycomb lattice where the [B12H12]2-
groups are positioned on the edges between the Sc3+ ions.
The successive layer are shifted relative to each other in such
a way that the Sc3+ ions are positioned on top of the
[B12H12]2- groups (see Figure 6).
We have not searched for the structure of a hypothetical
LiSc(B12H12)2 compound. While it is possible that this
compound is more stable than a linear combination of
Li2B12H12 and Sc2(B12H12)3, we expect that the formation
enthalpy will be relatively small and therefore not likely to
dramatically change the main conclusions about the decom-
position enthalpies and hydrogen release pathways of LiSc-
(BH4)4.
III.C. NMR Characterization of LiSc(BH4)4. 11B and 45Sc
MAS NMR spectra in full range of LiSc(BH4)4 were
simulated as shown Figure 7 by using a solid-state NMR
powder spectrum simulation program, QUASAR (QUAdru-
polar Spectra Analysis and Refinement).44 In these simula-
tions, we considered only chemical shift anisotropy and
quadrupolar interactions as major broadening sources and did
not take account dipole-dipole interactions among nearby
nuclei. Both spectra were well simulated while the fitting of
45Sc MAS spectrum was not as satisfactory as the 11B case.
Inclusion of dipole-dipole interactions among nuclear spins
(45Sc, 1H, 11B) might be a choice for further improvement in
spectral simulation, and will be a subject of future investiga-
tion. From the current simulation, we obtained several NMR
parameters representing information about electronic environ-
ments around 11B and 45Sc nuclei which allow us to
characterize the chemical bonding properties and their local
structures. Chemical shift anisotropy (CSA) and quadrupolar
NMR parameters are shown in Table 7. The isotropic
chemical shift (δiso) of 11B in the LiSc(BH4)4 appears between
two monocation borohydrides LiBH (-41 ppm) and Sc(BH4)3
(-18.7 ppm, in benzene-d6),24 certainly reflecting the change
in the average Pauling electronegativity, p, of the double
cations. The calculated p for ScLi using the equation in ref
17 yielded 1.13. The quadrupolar coupling constant (CQ) of
634 kHz for 11B in LiSc(BH4)4 is larger than those of
monocation borohydrides such as LiBH4 (105 kHz), Mg-
(BH4)2 (∼220 kHz) and Ca(BH4)2 (∼200 kHz) which were
determined in our MAS NMR experiments and QUASAR
Figure 5. Orthorhombic C2221 crystal structure of Sc(BH4)3.
TABLE 6: Wyckoff Positions for Sc(BH4)3 in Space Group
C2221 (No. 20) with Lattice Parameters a ) 8.43 Å, b )
11.94 Å, and c ) 7.90 Å
label type Wyckoff position X Y Z
Sc Sc 4c 0.1882 0 0
B1 B 8c 0.3254 0.1593 0.9642
B2 B 4b 0.5 0.4978 0.25
H1 H 8c 0.4045 0.2411 0.9457
H2 H 8c 0.3191 0.0983 0.8355
H3 H 8c 0.3770 0.0950 0.0770
H4 H 8c 0.1854 0.1775 0.0036
H5 H 8c 0.1167 0.0597 0.2407
H6 H 8c 0.5192 0.4369 0.3732
Figure 6. Planar projection of the monoclinic Cm crystal structure of
Sc2(B12H12)3. Semitransparent yellow plane marks the (001) lattice
plane, Sc3+ ions are violet, and [B12H12]2- groups are cyan.
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simulations.7 This difference may mean that the electron
distribution around 11B nucleus in LiSc(BH4)4 is more
distorted from spherical distribution than for LiBH4, Mg-
(BH4)2, and Ca(BH4)2. The asymmetry parameter (ηQ) of
quadrupolar interaction of 0.5 is similar to that found7 for
LiBH4 and the high temperature phase of Mg(BH4)2. Note
that the CSA of 45Sc nucleus could not be determined within
reasonable error range from the spectra obtained in the current
study. Experiments at different magnetic fields are under
investigation to improve its contribution in 45Sc MAS NMR
spectra. The expected ionic bonding character of double-
cationic LiSc(BH4)4 may account for this effect on the
electron distribution. Since the details in coordination
geometries have been explored both experimentally21 and
theoretically as in our current work, these NMR parameters
will be valuable resources for resolving the structural issues
when compared with those from the first-principles calculations.
III.D. Reactivity of LiSc(BH4)4. 1. Theoretical Predictions.
Using the thermodynamic properties of the known Li-Sc-B-H
compounds listed in section III.B, PEGS-predicted crystal
structures of LiSc(BH4)4, Sc(BH4)3, Li2B12H12, and Sc2-
(B12H12)3, and the grand canonical linear programming
method,33 we have predicted the equilibrium phase diagram
and hydrogen release sequence for the Li-Sc-B-H system.
These results are summarized in Table 8 and shown graphi-
cally in Figure 8. We begin by describing the stability and
thermodynamically preferred decomposition sequences of
LiSc(BH4)4 and Sc(BH4)3, followed by a full description of
hydrogen release pathways and thermodynamically reversible
hydrogen storage reactions in the Li-Sc-B-H system.
Stability and Decomposition of LiSc(BH4)4. Our calculations
show that LiSc(BH4)4 is thermodynamically stable against
decomposition into several common compounds. For the forma-
tion reaction, LiBH4 + Sc(BH4)3f LiSc(BH4)4, we obtain that
the enthalpy change including vibrational contributions at T )
27 °C is strongly negative, ∆H ) -30 kJ/mol, indicating that
this compound should readily form upon ball-milling LiBH4
and ScCl3. Indeed, the enthalpy difference between the reaction
products for the Ionic and Nonionic routes at LiBH4:ScCl3 ratios
of 1:4 and 1:6 in Table 1 is given by the formation enthalpy of
LiSc(BH4)4: negative formation enthalpy favors the Ionic route,
in agreement with the interpretation of our experimental NMR
and X-ray data given in section III.A.
Hydrogen release from LiSc(BH4)4 is predicted to occur via
a series of steps (see Table 8):
LiSc(BH4)4 f 2/5LiBH4 + 3/10Li2B12H12 + ScH2 +
22/5H2 (reaction 3, T ) -218 °C)
f4/5 LiBH4 + 1/10 Li2B12H12 + ScB2 +
29/5H2 (reaction 4, T ) -147 °C)
f1/6Li2B12H12 + 2/3LiH + ScB2 +
20/3H2 (reaction 6, T ) +170 °C)
fLiH + 4/5ScB2 + 1/5ScB12 + 15H2 (reaction 9,
T ) +553 °C)
The equilibrium temperatures for the first two steps are very
low. Since hydrogen release from borohydrides typically has
high kinetic barriers and requires temperatures of at least a few
hundred °C, it is quite likely that the first two steps will not be
seen until much higher temperatures due to poor kinetics. If
they remain “kinetically frozen” until the temperature of the
third step (+170 °C), the formation of LiBH4 according to
reactions 3 and 4 (in Table 8) may be bypassed altogether and
the decomposition process may go directly into Li2B12H12, LiH,
ScB2, and H2. It is interesting to note that the overall average
enthalpy and entropy for the first three steps of this four-step
decomposition process is ∆HT)500K ) +25.4 kJ/(mol H2) and
∆ST)500K ) +115 J/(mol K), corresponding to a reaction that
becomes thermodynamically favorable at approximately -50
°C, which is within the range desired for reversible on-board
storage. However, multistep nature of the decomposition process
breaks this thermodynamically attractive process into two steps
with enthalpies that are too low (reactions 3 and 4 in Table 8),
and a third step with a high enthalpy that occurs at very high
temperatures (reaction 6 in Table 8). If the kinetic barriers were
removed (e.g., by adding a suitable catalyst), only the first two
steps (reactions 3 and 4 in Table 8) would be observable for
temperatures below 80 °C, and on-board rehydrogenation would
be difficult due to the low enthalpies of reactions 3 and 4 in
Table 8. Therefore, we conclude that the thermodynamics of
LiSc(BH4)4 are unsuitable for reversible hydrogen storage.
Stability and Decomposition of Sc(BH4)3. The C2221 PEGS
structure of Sc(BH4)3 is predicted to be marginally unstable at
Figure 7. Simulated (a,c) and experimental (b,d) 11B (a,b) and 45Sc (c,d) MAS NMR spectra of the LiSc(BH4)4 compound prepared by ball milling
a 4LiBH4 + ScCl3 mixture.
TABLE 7: Simulated NMR Parameters of 11B and 45Sc of
LiSc(BH4)4
nuclei δiso (ppm) δcsa (ppm) ηcsa CQ (kHz) ηQ
11B -22.6 ( 0.2 -49.7 ( 0.4 0.41 ( 0.06 634 ( 4 0.46 ( 0.24
45Sc 108.5 ( 0.2 326 ( 11 0.8 ( 0.1
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T ) 0 K with respect to decomposition into Sc2(B12H12)3, ScH2,
and H2 if vibrational contributions are taken into account:
Sc(BH4)3 f 1/12 Sc2(B12H12)3 + 5/6 ScH2 +
11/3 H2 [∆HT)0K ) -0.6 kJ/(mol H2)]
f1/32 Sc2(B12H12)3 + 15/16 ScB2 +
87/16 H2 (reaction 2, T ) -238 °C)
f9/10 ScB2 + 1/10 ScB12 + 6 H2 (reaction 7, T ) +193 °C)
Again, the average of the three decomposition steps Sc(BH4)3
f (9/10)ScB2 + (1/10)ScB12 + 6H2 has an attractive hydro-
genation enthalpy of ∆HT)500K ) +24 kJ/(mol H2). However,
the formation of the [B12H12]-containing compound again breaks
the decomposition process into a series of steps where the first
two reactions have enthalpies that are too low (or are exother-
mic), while the last step occurs only at very high temperatures.
It is noteworthy that the first step of the above decomposition
sequence has a positive enthalpy ∆E ) +19.7 kJ/(mol H2) if
vibrational contributions are neglected. Therefore, static DFT
calculations predict that Sc(BH4)3 is a stable compound at T )
0 K. This shows the importance of vibrations in reactions
involving large changes in bonding environments.We refrain
from making definitive conclusions about the thermodynamic
stability of Sc(BH4)3 at T ) 0 K due to two reasons: (1) the
calculated total energies contain an unknown systematic error
due to the approximate nature of GGA, and (2) longer PEGS
runs on larger-unit cell structures could further lower the
energies of one or both of the crystal structures of Sc(BH4)3
and Sc2(B12H12)3. Nevertheless, even if Sc(BH4)3 turns out to
be slightly stable at T ) 0 K, our results suggest that the
hydrogen release enthalpies for the first two steps of the above
sequence are too low to be useful in practical on-board storage
systems.
Phase Diagram of Li-Sc-B-H. Figure 8 shows the calcu-
lated equilibrium phase diagram of the Li-Sc-B-H system
as a function of temperature at p ) 1 bar of H2 pressure. The
phase diagram is shown as a series of Gibbs triangles in the
space of heavy species (Li, Sc, and B) for temperature intervals
between successive hydrogen release reactions. The system is
always assumed to be in contact with a reservoir of H2 gas at
p ) 1 bar of H2 pressure, so that compounds with decreasing
H content are formed upon increasing temperature. At T ) 0
K, the thermodynamically stable compounds are LiH, ScH2,
Sc2(B12H12)3, LiSc(BH4)4, Li2B12H12, and LiBH4. At each
temperature, the phase diagram is characterized by three kinds
of regions: (1) isolated points corresponding to thermodynami-
cally stable states where only a single phase exists (e.g., LiH,
ScH2, and LiBH4), (2) lines denoting the coexistence of two
phases (e.g., the line connecting LiBH4 and LiH denotes the
coexistence of these two compounds), and (3) three-phase fields
characterized by the coexistence of the compounds at the vertices
defining triangular regions. As discussed above, our calculations
predict that Sc(BH4)3 is marginally unstable at T ) 0 K with
respect to decomposition into Sc2(B12H12)3, ScH2 and H2; this
fact is reflected by the absence of Sc(BH4)3 in the phase diagram
at T ) 0 K in Figure 8. However, the calculated decomposition
enthalpy is less than the physical accuracy of DFT, and it is
quite possible that Sc(BH4)3 is actually stable at T ) 0 K and
metastable at room temperatures due to slow hydrogen release
kinetics. The first hydrogen release reaction (reaction 1 in Table
8) occurs for all material compositions where LiSc(BH4)4
coexists with Sc2(B12H12)3, i.e., within the two triangles defined
by [ScH2, LiSc(BH4)4, Sc2(B12H12)3], and [Li2B12H12, LiS-
c(BH4)4, Sc2(B12H12)3]. Since LiSc(BH4)4 and Sc2(B12H12)3 enter
as reactants on the left-hand side of reaction 1, this reaction
eliminates all fields where these phases coexist, introducing a
new phase-field boundary extending from ScH2 to Li2B12H12.
The next reaction, reaction 2 in Table 8, involves Sc2(B12H12)3
and ScH2 as its products, leading to the formation of ScB2 and
releasing 5.4 wt % H2 at T ) -234 °C. The reaction 2 can be
considered as a destabilized decomposition reaction8,45,46 for the
Sc2(B12H12)3 compound, with an enthalpy that is lowered by
the formation of a strongly bound ScB2 compound on the right-
hand side of the reaction. LiSc(BH4)4 is predicted to decompose
according to reaction 3 in Table 8 at T ) -218 °C. This leads
to a rearrangement of the phase diagram in Figure 8, eliminating
the vertex associated with LiSc(BH4)4 and creating a new three-
phase coexistence field between ScH2, LiBH4, and Li2B12H12.
Even though this reaction releases a large amount of hydrogen
(8 wt % H2), the thermodynamics are not compatible with
requirements for reversible on-board storage. At T ) -147 °C,
we predict that reaction 4 will decompose the Li2B12H12
compound in a destabilized reaction with ScH2, leading to the
formation of ScB2. When no ScH2 is present, the Li2B12H12
compound is predicted to be highly stable and decompose only
at very high temperatures.43 The last low-temperature reaction
(5) involves LiBH4 and ScH2 as products, leading to the
formation of ScB2. It is predicted to occur at T ) 44 °C and
can be thought of as a destabilized reaction lowering the
decomposition enthalpy of LiBH4 via the formation of ScB2;
thisreactionhasbeenpredictedpreviouslyfromDFTcalculations.47,48
Even though it is predicted to release 8.9 wt % H2, the kinetics
of this reaction is found to be poor.49 Recent 11B and 45Sc NMR
experiments34 also confirmed that ScB2 did not form. Finally,
we predict that at T ) +170 °C phase-pure LiBH4 will
decompose into Li2B12H12, LiH, and H2 according to reaction 6
in Table 8. At even higher temperatures, we find a series of
reactions that decompose Sc2(B12H12)3 and Li2B12H12; see
reactions 7-10 in Table 8. The corresponding changes in the
TABLE 8: Predicted Thermodynamically Favored Reversible Hydrogen Storage Reactions in the Li-Sc-B-H Systema
no. reaction wt % H2 Tcrit (°C) ∆Hstatic ∆HT)0K ∆HT)500K ∆ST)500K
1 Sc2(B12H12)3 + 18LiSc(BH4)4 f 9Li2B12H12 + 20ScH2 + 88H2 7.1 -257 17.5 0.3 5.8 103
2 Sc2(B12H12)3 + 16ScH2 f 18ScB2 + 34H2 5.4 -234 22.0 1.4 12.1 130
3 10LiSc(BH4)4 f 4LiBH4 + 3Li2B12H12 + 10ScH2 + 44H2 8.0 -218 20.4 2.8 8.5 103
4 Li2B12H12 + 5ScH2 f 2LiBH4 + 5ScB2 + 7H2 3.6 -147 32.8 9.5 22.6 142
5 2LiBH4 + ScH2 f 2LiH + ScB2 + 4H2 8.9 +44 50.6 29.2 37.1 116
6 12LiBH4 f Li2B12H12 + 10LiH + 13H2 10.0 +170 60.2 39.9 45.0 101
7 5Sc2(B12H12)3 + 6ScB2 f 16ScB12 + 90H2 6.1 +193 74.9 50.5 60.8 130
8 Sc2(B12H12)3 f 2ScB12 + 12B + 18H2 7.1 +214 76.7 52.5 62.5 128
9 5Li2B12H12 + 6ScB2 f 10LiH + 6ScB12 + 25H2 4.3 +553 131.5 101.4 112.7 136
10 Li2B12H12 f 2LiH + 12B + 5H2 6.5 +650 138.0 108.5 118.6 128
a Tcrit gives the hydrogen release temperature at atmospheric pressure of H2 gas. Enthalpies are given in kJ/(mol H2), and entropies in J/(mol K).
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phase diagram are shown in Figure 8. All these reactions are
predicted to bind hydrogen too strongly and exhibit thermody-
namics and gravimetric densities that are not useful for on-board
hydrogen storage.
It is interesting that several reactions in Table 8 (reactions 1,
3, 5, and 6) have hydrogen release entropies that are significantly
below the standard-state value for H2 (130.6 J/(mol K)). The
reasons for this behavior have been explained in ref 43. All the
low-entropy reactions involve the formation of large, tightly
bound [B12H12]2- groups or tightly bound bulk phases, thereby
eliminating several low-frequency translational and rotational
phonon branches relative to the hydrogen-rich starting com-
pounds containing the [BH4]- unit; this leads to higher average
phonon frequencies and lower entropies in the product phases.
Other things being equal, lower reaction entropies generally
allow the use of materials with lower enthalpies, which are
advantageous for effective heat management during on-board
charging and discharging. These results show that reactions with
low entropy offer another possible route for tuning reaction
thermodynamics for reversible on-board storage.
2. Experimental Study of Desorption/Absorption of
LiSc(BH4)4. The samples as-prepared with n ) 3,4,6 in section
III.A were subjected to reactivity studies similar to those used
recently on LiBH4 and other borohydrides.19,34 No attempt was
made to remove LiCl or LiBH4 from the solid mixture of the
product phases during these experiments. The LiSc(BH4)4 phase
itself appears to be quite stable at room temperature as no
noticeable changes in NMR spectra were observed after storage
under argon in the glovebox for several months. The desorption
behavior for each sample was performed up to maximum of
400 °C in the present study. As illustrated in Figure 9 for the
heated n ) 4 sample, the XRD peaks from the initially
crystalline LiSc(BH4)4 phase completely disappeared following
desorption or with subsequent hydrogen absorption while the
LiCl peaks sharpen slightly and shift to their reference positions.
This behavior for LiCl is attributed to both particle size growth
and removal of defects induced by the ball milling process. The
very broad XRD peak near 2Θ ) 42° from the desorbed and
reabsorbed samples is near the maximum peak for ScB2, which
is an expected desorption product (see above). Volumetric
analyses of the hydrogen evolved during desorption indicated
that losses of 5.6, 6.4, and 7.4 wt % had occurred for the n )
3, 4, and 6 samples, respectively. Due to the limited precision
of the pressure transducers at the low pressures during these
experiments, these losses have uncertainties of about (0.5 wt
%. The predicted decrease in hydrogen from the Ionic route
Figure 8. Calculated equilibrium phase diagram of the Li-Sc-B-H system. Color scale denotes weight percent hydrogen released relative to the
starting weight of the material at T ) 0 K.
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products given in Table 1 are respectively 5.2, 6.3, and 7.5 wt
% for this series where complete desorption results in formation
of LiH, ScB2, and B from the borohydride phases. Hence, the
reasonable agreement with experiment indicated that nearly all
of the desorbable hydrogen was removed. The loss of hydrogen
contents from the desorbed samples was also apparent from the
decreases in the 1H MAS NMR spectra (∼95% of 1H signal)
when compared to signal from as-prepared samples (spectra not
shown). However, accurate quantitative evaluation was not
accessible by 1H NMR due to severe probe detuning from these
neat samples that is associated with formation of metallic
compounds such as ScB2. The powders collected from the
desorption reactor had to be diluted by mixing with dehydrated
quartz powder (SiO2) for NMR measurements, which impacted
reliability of determining proton contents. While sample spinning
and probe detuning problem were resolved with the dilution
method, we typically observe significant line broadening in MAS
NMR spectra, causing difficulties in access of phase identifica-
tion and nearly impractical quantitative analysis. All these line
broadenings indicate that the desorbed products were in
amorphous phases, which has been discussed more thoroughly
in previous papers.7,19 The complete absence of XRD peaks from
the desorbed samples as shown in Figure 9 is entirely consistent
with these amorphous phases. Our discussion in this section,
therefore, is limited to addressing identifiable major components
in amorphous phases. Figure 10 showed 11B and 45Sc MAS
NMR spectra of the desorbed Sc-Li-B-H systems that are
compared to reference spectra. These 11B spectra indicated that
ScB2 was the apparent major product in the 3:1 ratio sample,
but as the mixing ratio increased the amount of ScB2 formation
decreased while the amount of [B12H12]2- phase (i.e., Li form)
formed increased. Note additional broadening and shifting of
ScB2 peak position in 11B MAS NMR toward to the upfield as
the mixing ratio increases. Besides the ScB2 peak at ∼90 ppm,
an additional boron signal was found to be present as a broad
line between 0 and 100 ppm for all three samples. Its presence
is rather clearly revealed in 11B MQMAS spectrum (see
Supporting Information, Figure S1-a)) as a narrow strip along
the isotropic chemical shift axis, a typical NMR signature of
amorphous phase.19 While a part of the signal could be
associated with elemental boron in amorphous phase (peak at
∼5 ppm with line width (fwhm) ∼ 35 ppm),19 scandium borides
species like in ScB12 (see above and Table 8) could possibly
explain the NMR peak. However, our current speculation on
its identity needs further investigation. The similar unusual
behavior was observed for 45Sc MAS NMR and the broadening
gets to be so severe that the phase identification by NMR
becomes inconclusive. It is likely that 45Sc MAS NMR spectra
in Figure 10 showed both ScB2 and ScH2 species formed during
the decomposition reaction. Less ScB2 appeared to be produced
while the ScH2 formation was relatively increased during the
desorption reaction as the mixing ratio (i.e., LiBH4 to ScCl3)
of the ball-milled reactants increased. The result is consistent
with higher amount of Li2B12H12 observed in 11B MAS NMR
spectra in Figure 10 for samples with higher n values,
demonstrating that the ScB2 formation is a result of a reaction
between Li2B12H12 and ScH2 as our theoretical study predicted
(see above, reaction 4 in Table 8). The poor conversion to ScB2
observed especially for the 1:6 sample is believed to be
associated with the presence of excess LiBH4. The excess LiBH4
could interfere with reaction equilibrium of LiSc(BH4)4 decom-
position (see Table 8).
In summary for LiSc(BH4)4 desorption experiment, we have
observed formation of ScB2, B, and residual amounts of LiBH4,
Li2B12H12 via MAS NMR detection. Although the volumetric
data had suggested nearly complete removal of hydrogen during
the 400 °C desorptions, the NMR results clearly show decom-
position was not complete. In fact, we found previously19,34 that
temperatures exceeding 500-550 °C are usually needed to
remove the B12H12-containing phases. The formation of
Sc2(B12H12)3 could not be addressed in our current study. As
pointed above, from the competition between thermodynamics
and kinetics, the decomposition of the LiSc(BH4)4 phase could
easily be inhomogeneous with variable amounts of ScB2 and
Li2B12H12 depending upon the presence of excess LiBH4 where
most LiBH4 more readily19 decomposed into Li2B12H12. Any
reversibility of these reactions could be dependent on both the
composition and factors such as heating rate and hydrogen
overpressure during desorption.8,9 A systematic exploration in
desorption behavior of LiSc(BH4)4 at lower reaction tempera-
tures appears to be required for further understanding of the
compound.
Reabsorption of hydrogen by desorbed LiSc(BH4)4 was
examined using the desorbed [4LiBH4 + ScCl3] material.
Figures 11 and 12 show the 11B and 45Sc MAS NMR spectra
of this desorbed and reabsorbed sample, respectively. From the
11B NMR spectra most of boron species including ScB2 and B
formed during desorption had changed into Li2B12H12 with only
a small amount of LiBH4 compound being regenerated. This
observation suggests that Li2B12H12 is the most stable compound
with retention of residual amounts of hydrogen during both
desorption and absorption reactions. In order to recover fully
the hydrogen-rich compound such as LiBH4 from the desorbed
boron materials, hydrogen pressure much greater than 70 bar
appear to be required.34 Note that use of 2D MQMAS NMR
method (see Supporting Information, Figure S1-b) allowed us
to identify the presence of residual B and the broad boron signal
(0-100 ppm, see above) while the presence of ScB2 was not
confirmed in any case. The 45Sc NMR peak for ScB2 compound
was not detected as well (not shown in Figure 12). A new Sc-
containing compound associated with the peak at 150 ppm in
Figure 12b was formed after the reabsorption treatment instead
of LiSc(BH4)4 and ScCl3. This compound is not fully identified
at the moment. Although in the literature the tetragonal structure
of LiScO2 was reported50 to be 148 ppm and 1.6 MHz for
quadrupole coupling constant, it is unlikely to consider its
Figure 9. Powder XRD profiles of as ball-milled 4LiBH4 + ScCl3
mixture (bottom); after a 400 °C desorption that removed about 6.4 wt
% of the initial hydrogen content (middle); and following a 400 °C
desorption and a subsequent hydrogen absorption under ∼70 bar of
H2 gas and cooling to room temperature (top).
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appearance as an absorption product. Oxide contamination to
boron species is not detected in 11B MAS NMR. We believe
that identification of this scandium compound should play a
key role in understanding the transformation of ScB2 upon
hydrogenation. Most LiCl formed in the ball-milling process
remained crystalline and not participating in any reaction during
the reabsorption as confirmed by 6Li MAS NMR studies (not
shown). In summary, reabsorption at 400 °C and hydrogen
pressure of 70 bar results in small reconversion of hydrogen-
rich boron compounds Li2B12H12 and LiBH4. Regeneration of
LiSc(BH4)4 was not detected.
IV. Conclusions
The reaction products in Li-Sc-B-H systems have been
investigated by the combination of the multinuclear solid-state
NMR, powder XRD, and first-principles calculation methods.
The solid-phase reaction during the ball milling of ScCl3 +
nLiBH4 was demonstrated to occur via the ionic route leading
to the formation of LiSc(BH4)4 rather than the nonionic route
that would result in the formation of Sc(BH4)3. Only LiSc(BH4)4
was synthesized by the ball-milling process instead of Sc(BH4)3,
which is in complete agreement with our first-principles
calculations of relative stabilities. This ternary borohydride
compound showed more than 99% loss of hydrogen during gas
desorption under the mild desorption condition. The identified
desorption products were mainly the ScB2, B, ScH2, and
Li2B12H12 compounds. The reabsorption in Li-Sc-B-H system
results in the formation of Li2B12H12 as a major product along
with some increase in the LiBH4 content. The reaction mech-
anism and chemical products in the mechanical ball milling,
desorption, and reabsorption process of the complex borohydride
system could be identified by using high-resolution solid-state
NMR techniques.
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